Experimental Setup
A full system diagram is presented in Figure S .1. On-demand reagent sampling was accomplished using an automated liquid handling robot (Gilson GX-271, Gilson, Inc.) controlled with LabVIEW software. A syringe pump (Harvard PhD 2000) with a 100 µL glass syringe was connected to the liquid handler probe (needle) by approximately 50 cm of 500 µm PFA tubing filled with a selected transport fluid. To prepare a droplet, the liquid handler aspirated first a 30 μL volume of inert gas, followed by aliquots of the solvent tetrahydrofuran (THF), the desired precatalyst (and ligand, if applicable), the desired reactants, water, and THF again. To minimize carryover during this process, the liquid handler probe was dipped in a THF wash solution before each reagent aspiration. 35 μL total liquid plus a density correction volume were aspirated.
Following sample aspiration, the sample was "stirred" three times in the probe under inert conditions by pulling and pushing with the syringe pump 30 μL volume. All reagents were then transferred into a 6 port-2 way injection valve (Cheminert 10S-0503H, Valco Instruments Co. Inc.) containing a 14-μL sample loop. Switching of the sample loop to the inject position created a 14-μL droplet. As reagent carryover from one droplet to the next had the potential to significantly and adversely affect the accuracy of the optimization, we included in the sampling procedure the preparation of three blank droplets before every on-demand droplet preparation. These served to clean the probe, injection valve, sample loop, and reaction system of any residual material from prior experiments. The compositions of the three blank droplets were, respectively: water, acetone, and THF (the use of the reaction solvent as the final blank droplet was advantageous in case any blank material became deposited on the reactor walls). In sequence, the liquid handler aspirated 20 μL inert gas, followed by 60 μL of each wash solvent with injection. The sample injection valve and sample loop were cleared following every injection by pulling a vacuum for 3 sec on the outlet of the valve. This was accomplished by switching on and off a solenoid 3-way valve (P/N 01540-11, Cole-Parmer Instrument Company, LLC) connecting the house vacuum to a trap connected to the outlet of the valve. Residual liquid was drained from the trap at the end of an optimization.
Additionally, a 6-port, 2-way valve (Rheodyne MXP7960-000, IDEX Health & Science LLC) installed on the transfer line between the syringe pump and the probe was used to refill the transfer line with 80 μL fresh transfer fluid after every on-demand droplet preparation. The line was connected through an inline degasser (Agilent G1379B µ-degasser) to a supply tank of transfer fluid (THF). This was found to both help minimize reagent carryover (from the material transferred to the transfer fluid during aspiration and stirring) and reduce the frequency of gas bubble formation in the transfer line. To remove gas bubbles formed from the probe sitting idle, the transfer line purge was repeated three times at the start of any optimization.
As reagents with different densities were sampled by the air displacement method, a correction factor corresponding to the density ratio between the sampled fluid and the transfer fluid was introduced to ensure accurate transfer. The relative aspirated volumes of samples 1 and 2 was expressed as:
where 1 and 2 were the densities of two fluids and V1 and V2 were the relative volumes sampled by the air displacement method.
The minimum volume of a prepared droplet was restricted both by the sampling accuracy and the dead volume of the sample injection valve. At approximately 0.1% of the syringe volume, the minimum sample accuracy was roughly 100 nL; thus reagent sampling of less than 1 µL implied greater than 10% error in the sample. Generally it was undesirable for quantitation to aspirate reagent samples of less than 3 µL, though given that the target range for optimizations was generally a factor of 5 (for instance 0.5% to 2.5% catalyst) sometimes as little as 2 µL reagent was sampled with the acceptance that at the low end of the optimization this implied 5% error. The total sample volume aspirated needed to fill both the dead volume of the injection valve (estimated as 15-20 µL) and the 14-µL sample loop; hence nominally 35 µL of sample was aspirated. As many as six reagents were mixed in the liquid handler for a single droplet.
The ability to keep samples under inert atmosphere and relatively free of evaporation was an important aspect to our optimization system, particularly for the case of catalyst screening. To provide inertion, we designed a 3D-printed manifold that allowed for an argon blanket to be maintained over air-sensitive reagents. The manifold is depicted in illustration and in application in supplied. 15 mm PTFE-lined red rubber septa were then inserted above the void space to seal the top of the manifold. The manifold itself was printed by Solid Concepts, Inc., from PEEK HP3. For reactions in THF, the evaporation of THF with such a device was of concern to the accuracy of our method. We found that reducing the flow of argon with a bleed valve helped greatly to reduce evaporation, as did filling the vial closest to the argon inlet with neat THF (such that the atmosphere inside of the manifold would be THF saturated). Nonetheless, we were only able to run experiments for ~48 h before observing losses in accuracy on account of evaporation. We did not observe catalyst deactivation over 48 h on account of the solution stability of this family of precatalysts. . The compressibility of the gas mandated that for steady flow rates to be achieved, constrictions in the flow path had to be limited to no less than 500 µm and the pressure be maintained at or above 6.9 bar. A check valve (Upchurch Scientific) was installed upstream of droplet preparation and injection to dampen the effect of pressure oscillations further. Sample loops and unions upstream of the reactor were made from Teflon to ensure as little carryover as possible in the system. More consistent gas-liquid flow was observed by use of a 1 mm inner diameter T-junction at the reaction quench. Pressure in the system was controlled at 6.9 bar with an inert gas-regulated Parr bomb, approximately 40 mL in volume. The bomb was drained during refill of the gas and quench syringes by automatically opening a 6-port, 2 way valve (Rheodyne MXT715-000). To minimize gas loss during regular system operation, 6.6 bar of backpressure (5.2 bar and 1.4 bar backpressure regulators, Upchurch Scientific) was applied to the gas vent of the Parr bomb during regular system operation.
For reaction, the FEP tubing was inserted into a "pancake" reactor housing ( Figure S.3(a-b) ), comprising of an aluminum chuck with a 1.6 mm groove for the tubing, a raised lip with an Oring, and a sheet of polycarbonate which compressed against the O-ring to allow for pressurization of the reactor to 6.9 bar. With this device, we were able to rapidly heat and cool the reactor tubing between 30 ºC and 110 ºC and neutralize gas permeation out of the reactor-a factor which accounted for up to a 20% difference in residence time at high temperature. Residence times in the reactor were maintained between 1 min and 10 min (we empirically observed mixing to take place on the order of 1-10 s) at gas flow rates of 15-250 µL/min. A thermocouple was introduced through the gas supply line of the reactor and held in place on the aluminum surface by a thin sheet of polycarbonate and thermal paste. The reactor was heated with four 50 W cartridge heaters (McMaster-Carr Supply Company, two pairs spaced equally on opposite sides of the device). A PID temperature controller (OMEGA CN9412) controlled the reactor temperature. Reaction droplets were not introduced into the system unless the reactor temperature was within 1 °C of the reaction set point temperature. Because acceleration of droplets was observed to occur when trailing droplets entered the heated reactor (a consequence of surface-tension driven thermocapillary flow 1 ), blank droplets were not prepared and introduced until a reaction droplet had traversed a full reactor volume in the system (240 μL). Upchurch Scientific), which intersected the main system 6 cm before the reactor inlet. As a droplet passed through the T-junction, the syringe pump infused 3.5 µL base solution into the droplet. The flow rate of the injection was chosen such that the volume was infused while 80% of the droplet passed through the T-junction. Refractive index sensors (EE-SPX613, Omron Corporation) were attached to the Teflon tubing before and after the T-junction to correctly time the online reagent injection and to verify that the droplet volume was within an acceptable tolerance (±4.0 μL) following the online injection. This was intended as a verification that no gas bubbles were introduced into the droplet and that the droplet had not broken apart upstream.
Leaks and gas bubbles were consistent inhibitors of reliable online injection. To ensure accuracy to 100-250 nL, the only chemically-suitable commercial options available for reagent dosing were glass syringes, which were found to leak over the course of a few optimizations with exposure to 6.9 bar pressure. The connection of the glass syringe to Teflon tubing was also often a source of leaks. We found the use of female Luer connectors sold by Upchurch Scientific to be most leak resistant, in comparison to the use of ¼-28-Luer adapters. Use of the 6-port, 2-way valve for refilling was mandatory compared to a 3-way solenoid valve because of the smaller dead volume and better pressure tolerance. To avoid the introduction of gas bubbles into the injection line, the entire refill line was purged when new stock solutions were introduced by detaching and refilling the injection syringe. Naturally it was desirable to make the connection between the syringe and the T-junction as short as possible. By using a Teflon T-junction, less sticking and carryover of reagents were observed. A 500 µm T-junction was also required to prevent injected material or segments of droplets from becoming trapped in the swept volume of the T. and split by pressure difference between a 1.8 μm particle diameter column (Agilent Zorbax SB-C18 2.1 x 50 mm) and a 4.6 μm particle diameter column (Agilent Zorbax SB-C18 2.1 x 50 mm).
The sample from the 1.8 μm particle diameter column was detected by UV and passed to the MS.
A suitable HPLC method was found to be 9 min, which included a gradient ramp from 95/5
water/acetonitrile + 1% formic acid to 0/100 water/acetonitrile + 1% formic acid to 95/5
water/acetonitrile + 1% formic acid. Following UV analysis, the spectral baseline found by subtraction of a reference and ChemStation outputted an Excel data file which was retrieved by LabVIEW (National Instruments, ver. 8.6). The product yield was calculated in MATLAB (The MathWorks, Inc., ver. R2011a). 
Optimization Method
To control and optimize the system, we developed LabVIEW virtual instruments and MATLAB functions that given a set of discrete variables (precatalysts, ligands) and continuous variable ranges (temperature, reaction time, catalyst loading) and online HPLC data, modeled the reaction yield as a function of variable contributions and iteratively proposed new experiments to study using optimal DoE. 2 Variables were randomized and all discrete variables were treated as yes/no decisions; shared catalyst attributes did not factor into the algorithm's calculations. 
where f(x,y) was the turnover number (TON) of the reaction-defined as moles product per mole of catalyst-and the constraint g(x,y) was a constraint on the minimum yield (CR/CA0) at the optimum:
The parameter γ was adjustable in the range [0,1], with the choice of γ = 1 implying maximization with respect to yield and γ = 0 implying unconstrained maximization of TON.
For the generalized bimolecular reaction A + B  R with constant kR = kR(catalyst type, Ccat, T), the production rate CR/tres was assumed to scale on the order of:
Although this scaling would not apply universally to the chemical kinetics of a catalytic system, we assumed that near an optimum a single apparent rate-limiting step of this form would dominate. For simplicity, it was then assumed that kR(catalyst type, Ccat, T) could be separated into Arrhenius and catalyst-specific terms:
giving an assumed scaling for CR of:
Taking the logarithm of all factors produced the linear relation:
This introduced a set of continuous factors to vary for each discrete variable: T 
where b was the response value and ai1, a'jj', ci, and c'j, were coefficients to fit. x1 was assigned to the scaled T We found empirically that the use of a weighting matrix W which biased the regression to most closely fit the response surface at points where the yield of R was greatest gave the most accurate optimization results. Convenient choices of W were the yield or TON, giving:
Optima for the each discrete variable were identified by converting Equation 8 to quadratic form and populating the matrices A and c with the optimal parameters θ:
. To calculate the uncertainty on J*, the prediction covariance B V was estimated as:
With many experiments at or near the optimum, an estimate for the scalar response covariance VB could have been obtained from the squared sum of residuals. However with very few experiments, we observed significant bias in a squared sum of residuals estimate of VB. To reduce the amount of bias introduced by the manner in which experiments were being selected, a jackknife resampling strategy was employed to generate the scalars VBu, which were the response covariance values estimated with experiment u removed from the data set:
X'u, bu, and θu were the matrix of scaled experimental conditions, vector of responses, and bestfit response surface parameters calculated excluding experiment u, respectively. An overall estimate of VB was then found by:
and assumed to be uniform across all response surfaces. We assumed that as the algorithm advanced and conducted more experiments closer to the predicted optima, VB became more representative of the covariance near [x* y*].
Given an estimate for the response covariance, a lower bound on J* was found from a Student's t-distribution and evaluated at the optimum:
α was chosen before experimentation as 0.05, corresponding to a 95% one-sided confidence level on the lower bound of J*. For the least optimal discrete variable, a paired 2-sample t-test at 95%
confidence revealed whether Ji* was significantly less than the overall optimum J*: To accelerate reduction of the discrete variable space and simultaneously maximize the continuous variable information gained per experiment, new experiments were generated using a modified G-optimality criterion:
X1 was the matrix X augmented to include the candidate experiment [x y]. Equal weighting was assigned to minimizing the error in the yield optimum and to minimizing the error in the constrained TON optimum. [xi* yi*] was supplied as an initial guess to a sequential quadratic programming (SQP) optimizer to generate Gi and the new G-optimal experimental conditions.
These experiments were then executed, and new response surfaces and estimates for Ji* were estimated accordingly.
To achieve convergence, we specified that linear improvement had to be observed both in the predicted optimal TON (exp(J*)) and in the lower bound on the optimal TON (exp(J-*)) to within 2% of the optimal value:
Importantly, this criterion was independent of the number of remaining unfathomed solvents (meaning multiple optima could be obtained within the convergence tolerance) and independent of the scaling of f. Alternatively to avoid adverse effects of solvent evaporation, the method also terminated when the total number of experiments exceeded 96.
Algorithm Implementation
Full catalyst-ligand optimization studies commenced with a randomized 16-experiment fractional factorial design, followed by a second refined 16-experiment fractional factorial design.
The ligand equivalent optimization study commenced with a randomized 12-experiment fractional Following initialization, response surfaces were iteratively developed for candidate discrete variables and discrete-variable-specific optima were predicted based on the response surfaces.
Using a procedure akin to branch and bound, discrete variables whose performance was worse than the lower bound on the maximum of the leading discrete variable were fathomed from that iteration of the optimization, and response surfaces were recalculated using only experimental data from the remaining candidate discrete variables. Once a candidate set of discrete variables was determined, new experiments were chosen by G-optimality 2 and the procedure repeated until convergence to the final optimum.
To ensure continuous operation and minimize downtime, new optimal experimental conditions were calculated one experiment before the complete data set for a given iteration was collected. It was also a very realistic possibility in practice that zero product yield and TON would be observed, which in this algorithm's logarithmic coordinate system would have produced an undefined objective value. Through simulations, we found that assigning a yield of 0.1% to cases where the yield was in truth zero imposed sufficient penalty on the optimization method, yet did not interfere with prediction of the maximum. The detection limit by HPLC was also chosen to be within an order of magnitude of 0.1% of the maximum in experiments. Optimal experiments were grouped by temperature and randomized at each optimization iteration to minimize both experimental bias and the time required for temperature re-equilibration.
General Reagent Information
THF was dried and deoxygenated by passing through packed columns of neutral alumina and copper(II) oxide under a positive pressure of argon. Water was deoxygenated by sonicating under vacuum and backfilling with argon, (this process was repeated a total of three times). Aryl halides were purified by filtration through neutral alumina. The precatalyst-ligand complexes used in this study were prepared following the procedure reported by Bruno et al. [5] All other reagents were purchased from Oakwood, Combi-Blocks, Alfa Aesar, or Sigma Aldrich and used as received.
Flash chromatography was performed with SiliCycle SiliaFlash® F60 silica gel. 
General Analytical Information

General Procedure for Preparation of Stock Solutions
The reagent solutions were freshly prepared under ambient conditions but stored under argon for each optimization or kinetic parameter ramp. 7 mL vials and tapered 2 mL vials were initially 
Comparison of Reaction Yield in Batch and in Droplets
To validate the scalability of our method, we compared the results in batch of the Suzuki- 
Experimental Data Yield Estimation
Online HPLC yields were estimated via best-fit calibration from a least-squares regression of the measured output concentration of aryl halide and product. The least-squares regression was constrained to enforce mole balance closure on the amount of product formed in reaction. Once optimal conditions were established, products were synthesized, isolated, and characterized in batch.
Experimental Trajectories
Trajectories for experimental case studies I-IV are illustrated in Figure S .5(a-d). 
Reaction of 4 and 2 (Case II)
Following the General Procedure using 3-chloropyridine (4, 815.2 mg), naphthalene (336. 
Reaction of 4 and 6 (Case III)
Following the General Procedure using 3-chloropyridine (4, 829. 
Reaction of 8 and 9 (Case IV)
Following the General Procedure using 2-chloropyridine ( Optimization results are presented in Table S 
Optimization of Ligand Equivalents
Following the general procedure, stock solutions were prepared using 4 (816 mg), naphthalene 
Time-Course Evolution of 6
Following the general procedure, stock solutions were prepared using naphthalene (329 mg, no aryl halide), 6 (848 mg), and benzofuran-2-boronic acid pinacol ester (12, 1216 The conversion of boronic ester to boronic acid and from boronic acid to degradation products were each assumed to behave as first order in boronate species, given the excess of water available for hydrolysis. The kinetic equations were written as:
Equations 18 and 19 were solved to produce expressions for C12 and C6 as functions of k1 and k2:
Best-fit estimates for the rate constants k1 and k2 were found by least-squares regression in 
Reaction of 4 and 12
Following the general procedure, stock solutions were prepared using 4 (809 mg), naphthalene (347 mg), 6 (848 mg), and benzofuran-2-boronic acid pinacol ester (12, 1216 mg). In a separate 5 mL volumetric flask, naphthalene (329 mg, 2.6 mmol) was diluted with THF and transferred to a 7 mL vial (this was to ensure that all droplets contained comparable amounts of internal standard and heating was continued for the indicated reaction time. Subsequently, the reaction mixture was allowed to cool to ambient temperature, and Na2SO4 (ca. 1 g) was added to dry the reaction mixture. Solid material was removed by filtration, using EtOAc as an eluent, and the reaction mixture was concentrated. The crude product was purified by flash column chromatography using the indicated solvent system.
3,5-Dimethyl-4-(quinolin-3-yl)isoxazole (3)
The title compound was prepared following the General Procedure using 3-bromoquinoline (1, 208 mg), (3,5-dimethylisoxazol-4-yl)boronic acid pinacol ester (2, 335 mg), and 2.0% P1-L1 (17 mg) with a reaction time of 10 min. The product was isolated as a colorless solid (m.p. 90-91 °C) following column chromatography using a gradient of 20% to 40% EtOAc in hexanes as the eluent.
Yield: 162 mg, 72%. Spectroscopic data were consistent with those previously reported in the literature. 
3,5-Dimethyl-4-(pyridin-3-yl)isoxazole (5)
The title compound was prepared following the General Procedure using 3-chloropyridine (4, 114 mg), (3,5-dimethylisoxazol-4-yl)boronic acid pinacol ester (2, 335 mg), and 1.0% P1-L1 (8 mg) with a reaction time of 10 min. The product was isolated as a colorless solid (m.p. 46-47 °C)
following column chromatography using a gradient of 20% to 50% EtOAc in hexanes as the eluent.
Yield: 41 mg, 24%. Spectroscopic data were consistent with those previously reported in the literature. 
3-(Benzofuran-2-yl)pyridine (7)
The title compound was prepared following the General Procedure using 3-chloropyridine (4, 114 mg), 2-benzofuranboronic acid (6, 243 mg), and 1.0% P1-L1 (8 mg) with a reaction time of 10 min. The product was isolated as a pale yellow solid (m.p. 70-72 °C) following column chromatography using a gradient of 20% to 50% EtOAc in hexanes as the eluent. Yield: 35 mg, 18%. Spectroscopic data were consistent with those previously reported in the literature. 
tert-Butyl-2-(pyridin-2-yl)-1H-pyrrole-1-carboxylate (10)
The title compound was prepared following the General Procedure using 2-chloropyridine (8, 114 mg), N-boc-pyrrolyl-2-boronic acid (9, 317 mg), and 1.0% P1-L1 (8 mg) with a reaction time of 5 min. The product was isolated as a pale yellow solid (m.p. 52-53 °C) following column chromatography using a gradient of 0% to 12.5% EtOAc in CH2Cl2 as the eluent. Yield: 239 mg (avg. of two runs), 98%. Spectroscopic data were consistent with those previously reported in the literature. 
